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Abstract

Microbial fuel cells (MFCs) hold great promise as sustainable bioenergy sources, with their
performance intricately linked to the formation and characteristics of biofilms. This study
delves into the bio-electrochemical perspective of biofilms in MFCs, aiming to elucidate their
pivotal role in MFC functionality. The investigation focused on a yeast-based MFC operated
through 48 h per cycle, with cycle 5 marking the maturation stage of biofilm formation. During
this phase, voltage stability was observed, with a stationary phase voltage of 38.9+2.6 mV.
Notably, cycle 5 exhibited a significant boost in power density, reaching 8.82 mW m?, accom-
panied by the lowest internal resistance of 100 Q. Furthermore, the electron transfer rate
constant from cycle 5 is 1.14+0.02 s, 57 times higher than the initial, underscoring biofilm's
catalytic potential. Additionally, cyclic voltammetry unveiled non-linear relationships between
redox reaction peak current and scan rate, with a consistent AE, of ~219 mV at 100 mV s,
Importantly, elemental analysis disclosed incorporating diverse elements (Na, Al, Si, P, S, Cl,
K, Ca, Cr, and Fe) into the carbon felt, signifying their association with biofilm development.
These findings offer critical insights into optimizing MFC performance through biofilm
modulation, advancing sustainable bioenergy technologies.
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Introduction

In the pursuit of renewable energy, microbial fuel cells (MFCs) have surfaced as a promising
technology that harnesses the power of microorganisms. The formation of biofilms, comprised of
complex microbial communities with intricate biochemical interactions, is a significant factor
affecting the performance of MFCs. Exploring the biochemical perspective of biofilms in MFCs has
the potential to reveal key insights that can improve bioelectricity production. Microbial fuel cells
(MFCs) are novel devices that utilize the metabolic processes of microorganisms to directly convert
organic matter into electrical energy [1]. MFCs represent a sustainable energy technology that holds
great promise for addressing global energy demand and environmental degradation. MFCs rely on
the transfer of electrons from the oxidation of organic substrates by microorganisms to an
electrode, resulting in the production of electrical current [2]. This novel approach offers numerous
benefits, including the utilization of abundant and renewable organic materials, such as effluent,
organic waste, and biomass, for electricity production.

In order to optimize and maximize the performance of MFCs, it is necessary to comprehend the
numerous factors that affect their operation. MFC efficacy is influenced by various factors, including
electrode composition, microorganism type, substrate composition, system configuration, and
reactor size [3,4]. Moreover, the formation and characteristics of biofilms in MFCs significantly affect
their performance [5]. Understanding the factors that impact MFCs is essential for enhancing their
power output, stability, and overall energy conversion efficiency. Remarkably, by delineating the
relationships between operational parameters, microbial activities, and electrochemical processes,
researchers can develop strategies to improve MFC performance and overcome obstacles such as
low power density, electrode contamination, and substrate limitations. Investigating the
biochemical perspective of biofilms in MFCs is especially valuable because it allows for a greater
understanding of the interplay between microbial metabolism, electron transfer mechanisms, and
structure-function relationships of biofilms [6]. Such insights can optimize MFC designs and
operating conditions, thereby paving the way for the development of more efficient and sustainable
bioelectricity production systems.

Biofilms are multicellular communities of microorganisms that adhere to surfaces and are
embedded in a matrix of extracellular polymeric substances (EPS) [7]. They represent a fundamental
mode of microbial life that can be found in a wide variety of natural and artificial environments.
Biofilms have distinguishing characteristics that set them apart from planktonic microorganisms.
Their three-dimensional architecture provides protection and stability to the microbial community
they enclose [8]. The EPS matrix acts as an adhesive, facilitating cell-cell and cell-surface interactions
while resisting physical and chemical stress [9]. Biofilms are pervasive in nature and can be found in
various habitats, including rivers, lakes, oceans, sediment, and even human bodies. They colonize
different surfaces, including pebbles, pipelines, medical devices, and submerged structures. Biofilms
can grow on surfaces in engineered systems such as water distribution networks, wastewater
treatment facilities, and industrial settings.

The prevalence of biofilms is attributable to their ability to adhere to surfaces and establish
cooperative interactions between microbial species, resulting in increased survival and growth.
Biofilm production can have adverse effects despite the fact that biofilms serve vital roles in natural
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ecosystems by contributing to the nutrient cycle [10]. In industrial contexts, biofilms can cause
infrastructure deterioration, decreased process efficiency, and heightened contamination risks. In
the context of MFCs, biofilms exert a substantial effect on the efficacy of these energy conversion
devices. Their composition, structure, and electrochemical interactions affect electron transfer
processes and overall MFC performance [11]. Thus, understanding the nature and behavior of
biofilms is crucial for a variety of disciplines, including environmental science, healthcare, and
biotechnology. Examining the prevalence, composition, and functions of biofilms offers valuable
insight into their ecological and industrial implications. Specifically, understanding biofilm dynamics
and their effect on bioelectricity production is essential for optimizing the design and operation of
MFCs and furthering sustainable energy production in the context of MFCs.

The formation and influence of biofilms on the efficacy of MFCs lend biofilms great significance
in the context of MFCs. Microorganisms naturally form biofilms on the electrode surfaces of MFCs,
producing a favorable environment for the formation of diverse microbial communities [12]. This
biofilm formation is vital to the electron transfer mechanisms that take place within the MFCs
system. In a number of ways, the efficacy of MFCs is impacted by the presence of biofilms. First,
biofilms offer a larger surface area for microbial attachment, resulting in an increase in microbial
population and activity [13]. This results in increased electron transfer rates and superior MFCs
performance overall. Additionally, biofilms serve as a protective barrier, shielding the electrode
surfaces from physical and chemical disruptions, thereby enhancing the stability and longevity of
the MFC systems.

The structure and function of biofilms in MFCs are significant determinants of their performance.
Biofilms have an intricate structure composed of microbial cells and the EPS matrix they produce.
This structure enables coordinated metabolic and electron transfer processes by facilitating
intercellular communication. The EPS matrix functions as a conductive network, enabling efficient
electron transfer from microorganisms to the electrode [14]. In addition, the EPS matrix provides
mechanical stability to the biofilm, preventing detachment and sustaining a stable microbial
community in the MFC system. Understanding the complex structure and function of biofilms in
MFCs is indispensable for optimizing MFCs' performance and bioelectricity production. By
investigating the dynamics, composition, and interactions of biofilms, researchers can discover
strategies to improve electron transfer efficiency, prevent biofilm detachment, and increase system
stability. The significance of biofilms in MFCs lies in their ability to influence the microbial com-
munity and facilitate efficient electron transfer, paving the way for more efficient and sustainable
bioelectricity production.

Yeast Saccharomyces cerevisiae offers several advantages as a biocatalyst in microbial fuel cells
(MFCs) [15]. Firstly, yeast cells are well-characterized and easy to cultivate, which makes them a
practical choice for consistent and reproducible bio-electrochemical studies. Their robust metabolic
pathways allow them to efficiently oxidize a wide range of substrates, facilitating electron transfer
processes necessary for MFC operation. Additionally, yeast can thrive in various environmental
conditions, including anaerobic settings, which are typical for MFC environments. This adaptability
enhances their resilience and longevity as biocatalysts. Moreover, yeast produces fewer toxic by-
products compared to some bacteria, reducing the risk of electrode fouling and prolonging the
operational life of the MFC.

Observing the electrochemical performance of yeast in MFCs provides valuable insights into the
status of the biofilm, which is crucial for optimizing MFC efficiency. The biofilm's health and activity
directly influence electron transfer rates and overall energy output. By monitoring parameters such
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as current density and voltage, the biofilm's metabolic activity and structural integrity can be
inferred. Variations in electrochemical performance can indicate changes in biofilm density,
viability, and substrate utilization efficiency, enabling timely interventions to maintain optimal MFC
function. Thus, electrochemical monitoring serves as a non-invasive and real-time diagnostic tool to
assess and enhance biofilm performance in yeast-based MFCs. Focusing on Saccharomyces
cerevisiae also leverages its established use in various industrial applications, providing a wealth of
practical knowledge and technical expertise. This facilitates the translation of laboratory findings
into real-world applications, enhancing the scalability and commercial viability of MFC technologies.
Overall, the unigue combination of scientific understanding, ease of use, and industrial relevance
makes Saccharomyces cerevisiae an ideal model organism for advancing biofilm research in MFCs.

The objective of this study is to investigate the bio-electrochemical perspective of biofilms in
MFCs and to determine their function in MFC performance. This study is significant because it
provides insight into the biological mechanisms underlying bioelectricity production in MFCs.
Understanding the biochemical perspective of biofilms is essential for optimizing MFC performance,
increasing electron transfer efficiency, and devising strategies to boost bioelectricity generation.
This study offers an unprecedented investigation into the intriguing and previously uncharted nexus
between Saccharomyces cerevisiae biofilm maturation on carbon felt anodes and microbial fuel cell
performance, promising to unveil unexplored facets of bio-electrochemical systems and beckoning
the interest of both seasoned and emerging researchers in this field. This research contributes to
the fields of bioelectrochemistry and sustainable energy by expanding our understanding of biofilm
dynamics and their effect on MFCs as a renewable energy technology.

Experimental

Microbial fuel cell reactor set-up

A single-chamber cubic reactor made of polyacrylic material (Phychemi Co. Ltd., Beijing, China)
was utilized in this study. The selection of polyacrylic material and the specific membrane treatment
aimed to enhance the reactor's performance and promote efficient mass transport during the
experiment. The geometric surface area of the electrodes was 7 cm? and the total volume of the
reactor was 30 mL, respectively. Carbon felts (CF) were employed as the anode and cathode. CF
based on polyacrylonitrile (PAN) purchased from KWK Steel Co., Ltd (Zhejiang, China) with a
diameter of 3 cm was trimmed and inserted into the chamber. Treated Nafion 117 as a membrane
separator was used to separate the anode and cathode chambers. The electrodes were then placed
in their respective compartments, and the process was carried out at a temperature of about 25 °C,
with a conductive stainless-steel wire acting as the current collector. Yeast Saccharomyces cerevisiae
(Lessafre, Marcqg-en-Baroeul, France) were grown in Yeast Peptone D-glucose (YPD). Fresh YPD
media comprised of 5 mg mL? yeast extract (Merck, Darmstadt, Germany), 14 mg mL* D-glucose
(Merck, Darmstadt, Germany), and 2.5 mg mL? of peptone (Himedia, Mumbai, India) serving as
essential nutrients for yeast growth was combined with the 14 mg mL? yeast Saccharomyces
cerevisiae serving as biocatalyst [16]. Then, the mixture was diluted with a phosphate buffer saline
solution (PBS, 0.1 M, pH 7.4) as an electrolyte. This electrolyte aimed to keep the pH level steady
and prevent any detrimental effects of low pH on Saccharomyces cerevisiae during the incubation
process. Subsequently, the liquid was transferred into the anode chamber of MFCs. In the anode
chamber, a tiny magnetic stirrer was placed to ensure the homogeneity of the solution. Following
that, the electrodes were placed in the appropriate compartment and the experiment was
conducted at a room temperature of approximately 25 °C.
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Electrochemical analysis

In half-cell assays, the properties of biofilm grown on anode surfaces were determined. The
Arduino-based potentiostat is connected to a computer that is used to conduct electrochemical
measurements. The stainless-steel rod was used as the counter electrode, while the Ag/AgCl
(soaked in 3.0 M KCI) was used as the reference electrode. As a working electrode, the carbon felt
electrode was used. Under atmospheric conditions, the YPD medium, including yeast biocatalyst,
was used as the electrolyte. Cyclic voltammetry (CV) experiments were performed at scan rates
between 100 and 1600 mV s within a potential scan window of -1 to 1 V vs. Ag/AgCl, before and
after the incubation process of 48 h.

For the single-cell performance analysis test, MFC (microbial fuel cell) yeast was run in seven
cycles, each lasting 48 hours (2 days). The purpose of these repetitive cycles was to achieve a stable
voltage, which served as an indicator of the attainment of the stationary growth phase of the yeast
biofilm. The MFC reactor is connected to a UNI-T UT61E multimeter with an external load of 1000
Q to measure the voltage. Simultaneously, the overall cell performance, including the output
voltage, was evaluated every 10 minutes for each cycle and supplied a new medium every 48 hours.
Polarization curves were obtained to determine the maximum power density at the end of each
cycle, by gradually applying external resistance in a sequential manner from a resistor box (Elenco
RS500 Resistance Substitution Box, lllinois, USA) positioned between the anode and cathode of the
yeast MFC, ranging from 10 MQ to 10 Q, at 30-minute intervals.

Results and discussion
Full cell analysis

Voltage analysis

Figure 1 depicts the voltage profile of the MFC during the inoculation process, where the YPD
medium is used as a nutrient and a new medium is injected at each cycle change. The voltage
remains extremely low in the first 25 hours, around 0.0006+0.00002 V, indicating that the yeast is
still in the initial adaptation phase. With a voltage value of 0.0054+0.0003 V, the adaptation phase
continues until the 48™ hour. When new nutrients are introduced at the start of the 2" cycle, the
voltage quickly increases to 0.0227+0.0012 V by the 70* hour.

0,07

0,06 + Matrix
Attachment phases Biofilm maturation | Formation | Erosion or detachment

Voltage, V

0,02

0,01 -

0,00 y T T T T T T T T T T T
0 50 100 150 200 250 300

Time, hour

Figure 1. Voltage measurements during incubation for 7 cycles
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Yeast enters a phase characterized by rapid growth of cells during this time [17]. The voltage then
stabilizes and remains constant until the 78™ hour, indicating that the yeast has entered the
stationary phase, where the growth and mortality rates are balanced. Subsequently, the voltage
decreases until the end of the 2" cycle, reaching 0.0194+0.0021 V, indicating that yeast cells die
faster than they are dividing. At the beginning of the 3™ cycle, the MFC voltage increases abruptly
to 0.0387+0.0009 V before decreasing progressively to 0.0104+0.0006 V by the end of the third
cycle. Both the fourth and fifth cycles display similar patterns. Between 175 and 196 hours of the 4™
cycle, the voltage stabilizes at 0.0280+0.0034 V, indicating the stationary phase of the yeast life
cycle. The same phenomenon is observed in the 5™ cycle, where voltage stability occurs between
the 198™ and 245™ hours, with a stationary phase value of 0.0389+0.0026 V. In contrast to previous
cycles, the voltage increases during the 6™ cycle is negligible (0.0449+0.0018 V) and is followed by
a dramatic decrease until the end of the cycle, when it reaches 0.0153+0.0007 V. The 7t cycle
exhibits a rapid initial increase in voltage to 0.0259+0.0011 V, followed by a dramatic decrease to
0.0108+0.0026 V at the cycle's conclusion. The rapid increase in voltage observed at the start of
cycles three through five is attributed to the formation of biofilms on the electrodes and the MFC
reactor. This expedites the adaptation of newly injected yeast cells, eradicating the need for a
lengthy adaptation procedure.

In addition to observing the phenomena that occur in each cycle, it is interesting to discuss the
trend that arises from cycle 1 to cycle 7, as it reveals patterns in the phase of biofilm formation. The
1%t and 2" cycles represent the reversible or irreversible attachment phase [18]. Yeast cells have
adhesion proteins, such as Flolp and Flo11p, on their surfaces, which allow them to adhere to solid
surfaces by interacting with particular molecules or structures present there [19]. In the 3™ and 4t
cycles, the biofilm reaches maturity. Although Saccharomyces cerevisiae lacks a well-characterized
guorum sensing system, it exhibits population-dependent behaviors [20]. For example, attaining a
critical population density within a biofilm can induce changes in gene expression or metabolic
activity, thereby fostering biofilm maturation. Within the yeast colonies, matrix formation occurs
during the 5t cycle. Once attached, Saccharomyces cerevisiae cells produce an extracellular matrix
of polysaccharides, proteins, and other molecules. This matrix functions as a scaffold, holding the
biofilm's cells together and providing structural stability. Its composition can vary, but it typically
consists of polysaccharides such as glucans and mannans, as well as proteins such as Flolp and
Flol1lp [21]. The biofilm increases in size and complexity as yeast cells continue to proliferate and
produce more extracellular matrix. The matrix not only reinforces the structure of the biofilm but
also retains water and nutrients, thereby creating a favorable microenvironment for the yeast cells
[22]. Biofilm detachment occurs during the 6™ and 7t cycles, causing the yeast biofilm to detach
from the electrode surface. Environmental conditions, nutrient availability, physical disturbances,
and chemical signals can all induce detachment [23]. The disintegration of the extracellular matrix
that holds the biofilm together facilitates detachment. Matrix disruption can be aided by enzymes
produced by the biofilm community, such as dispersal enzymes or enzymes involved in matrix
degradation. In addition, physical forces or shear stress from fluid flow can diminish the interactions
between cells and the surface, thereby increasing the likelihood of detachment [24]. This
detachment phase causes a significant voltage decrease during the 6" and 7" cycles. The formation
phase of yeast biofilm on the surface of the electrode is proven by the weight of the biofilm attached
to the electrode surface.
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Power density analysis during biofilm formation

Each cycle of a microbial electrochemical system's power density is represented by the data
provided. Various factors, such as biofilm maturation, population density, extracellular matrix
formation, and environmental conditions, affect the power density values, as shown in Figure 2. The
first cycle's power density is relatively modest at 0.056 mW m2. This could be attributed to the onset
of biofilm formation and electrochemical reactions. During this phase, the microbial community
adapts to its surroundings and develops the necessary electron transfer pathways. As the system
enters its second cycle, the power density reaches 0.71 mW m, a significant increase. This increase
suggests increased microbial activity and enhanced electrochemical performance. The biofilm has
presumably reached maturity, resulting in enhanced electron transfer between microbial cells and
the electrode surface. In cycles three and four, the trend continues with power density values of
2.095 and 2.523 mW m?, respectively. These increased values suggest further optimization and
expansion of the biofilm, resulting in an increase in energy production. The microbial community
has probably attained a critical population density, resulting in increased electron transfer and
metabolic activity in the biofilm. Cycle five demonstrates a significant increase in power density to
3.877 mW m2. This may have been caused by a combination of factors. At this juncture, the biofilm
has established a robust extracellular matrix, which provides structural stability and enhanced
electron transfer pathways [25]. In addition, the increased size and complexity of the biofilm may
have improved nutrient and electron transport, resulting in a higher power output. However, the
power density decreases slightly in subsequent cycles. The sixth cycle power density is 2.824 mW
m2, and the seventh cycle power density is 0.94 mW m2. Several factors may have contributed to
this decline. It is plausible that detachment of the biofilm or changes in environmental conditions
impacted the stability and electron transfer efficacy of the biofilm. Changes in nutrient availability
or physical disturbances may have disrupted the structure of the biofilm, resulting in decreased
energy production.
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Figure 2. Power density reached in each cycle of incubation

Polarization and power curves analysis

Figure 3(a) shows the yeast microbial fuel cell (MFC) polarization curve measured at the end of
each cycle. The open circuit voltage (OCV) ranges from 0.38 to 0.43 V across all cycles, which deviates
from the optimal value of 1.23 V. Several factors, including inherent electrochemical reactions, kinetics
and microbial activity, internal resistance, mass transport limitations, and electrode kinetics and
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catalysts, contribute to this discrepancy [26]. In the activation loss region, the voltage drops
precipitously owing to the activation overpotential. When electrochemical reactions at the electrode
surfaces occur at a relatively sluggish rate, activation overpotential develops. This is due to lethargic
reaction kinetics, high activation energy, or insufficient electrode/electrolyte interfaces. Consequ-
ently, a greater voltage is required to initiate these reactions, resulting in a discernible voltage drop
within the activation loss region of the polarization curve. In addition, the charge transfer resistance
at the interface between the electrode and electrolyte contributes to the activation overpotential.
This resistance inhibits electron transport between the electrode and electrolyte. A greater charge
transfer resistance amplifies the activation overpotential, resulting in a greater voltage decrease
within the activation loss region. In the region of ohmic loss, the voltage decreases progressively or
appears to level off. The presence of a constant line in the ohmic loss region indicates that the voltage
drop across the system is predominantly caused by resistance rather than electrochemical reactions
[27]. The ohmic resistance is the resistance encountered by the passage of current through the
electrolyte, electrode materials, and other conductive elements in the system. It is directly correlated
to the current passing through the circuit and can be affected by variables such as the conductivity of
the electrolyte, dimensions of the electrodes, and their properties. The horizontal line indicates that
the electrochemical system's efficacy is primarily constrained by its internal resistance. The
concentration loss region displays a significant decrease in voltage, which is predominantly a result of
concentration overpotential. Concentration overpotential occurs when the transport or availability of
substrates or products at the electrode-electrolyte interface are restricted. This may be the result of
sluggish diffusion through the electrolyte or mass transport limitations resulting from insufficient
mingling or convective flow [28]. As substrates are consumed or products accumulate near the surface
of an electrode, concentration gradients form, resulting in concentration overpotential. The decrease
in voltage in the concentration loss region indicates the increased mass transport resistance. The
electrochemical reaction consumes substrates faster than they can be replenished, diminishing their
concentration near the electrode surface. This limited availability of reactants causes a concentration
overpotential and a substantial voltage decrease. In addition, the accumulation of reaction products
close to the electrode surface may contribute to concentration overpotential and voltage decrease in
the concentration loss region [29].

Figure 3(b) illustrates the power density profiles of the microbial fuel cells (MFCs) at each cycle.
The utmost value for maximum power density (MPD) is reached in the 5t cycle with a remarkable
value of 8.82 mW m2, as shown in the graph.
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Figure 3. (a) Polarization and (b) maximum power density curves of MFCs for every cycle of incubation
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This value represents a substantial increase relative to the first cycle and is 18 times higher than
the 7t" cycle. The trend of power density is similar to power production during the incubation
process. Biofilms create a structured environment that facilitates efficient electron transfer within
the microbial community and between the cells and the electrode surface. This enhanced electron
transfer capability results in increased power generation and an increase in the overall maximal
power density. It is important to note that biofilm stability is essential for sustaining power
production. Stable biofilms with resilient structural integrity are better able to maintain a
continuous electron transfer process, resulting in enhanced power generation and higher maximal
power density.

Polarization internal resistance

In MFCs, the relationship between the internal resistance of a fuel cell, as determined by
polarization curves, and biofilm formation phenomena is crucial. By measuring the slope of the
ohmic loss on the polarization curve, the internal resistance of MFCs can be determined and the
results are shown in Figure 4 [30]. The formation and characteristics of biofilm can substantially
affect the fuel cell's internal resistance. This internal resistance follows the opposite trend as power
density, where the power density decreases as the internal resistance rises, and vice versa [31]. The
5t cycle polarization curve has the lowest internal resistance, while the 7t cycle polarization curve
has the maximum internal resistance with a value of 143.72 Q. As the biofilm develops on the
electrode surface, the internal resistance of the fuel cell may increase. The biofilm functions as an
additional resistance barrier that impedes the movement of ions and electrons, resulting in
increased internal resistance values [32]. The thickness of biofilm can also affect the internal
resistance. As a result of their conductivity, thicker biofilms can reduce internal resistance. The
matrix of yeast biofilms is composed of EPS, which may contain conductive materials such as humic
substances or conductive polymers [33]. These components contribute to the biofilm's overall
electrical conductivity by forming a network that enables electron transport. During metabolic
processes, redox reactions can generate free electrons within the biofilm, contributing to its
conductivity. However, excessively dense biofilms impede ion and electron transport, resulting in
increased internal resistance. This is because the distance that ions and electrons must travel to
reach the electrode surface is increased for a biofilm layer that is too thick.
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Figure 4. Internal resistance of MFCs system for every cycle of incubation
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Half-cell analysis

Analysis of cyclic voltammetry results

Performing half-cell analysis in the form of cyclic voltammetry (CV) is of utmost importance in
order to validate the performance of a yeast microbial fuel cell (MFC) at different stages of biofilm
growth. The CVs of yeast cultures at different stages of the experimental cycle are depicted in Figure
5. Specifically, illustrates the CVs measured at the beginning of the cycle, the end of cycle 1
(attachment), the end of cycle 5 (maturation), and the end of cycle 7 (detachment). Upon careful
observation of the provided visual representation, it becomes evident that a multitude of
noteworthy elements are worthy of attention and analysis. In all CV curves, it is observed that an
oxidation peak occurs within the potential range of 0.4 to 0.5 V vs. Ag/AgCl reference electrode,
while a reduction peak is observed within the potential range of 0 to 0.2 V vs. Ag/AgCl reference
electrode. The peak of the oxidation phenomenon entails the intricate process by which organic
substances undergo oxidation via the catalytic activity of yeast [34]. This process can occur in a
dynamic, unconfined state or within a pre-existing biofilm matrix. The ultimate outcome of this
oxidation event is the conversion of organic materials into carbon dioxide (CO), protons (H*), and
electrons (e7). The reduction peak observed in this study corresponds to the O reduction reaction
that occurs at the carbon electrode. The utilization of carbon felt as the anode material and the
implementation of a semi-anaerobic incubation condition allow for the controlled entry and
diffusion of oxygen into the solution. In the subsequent stages, namely the attachment and
maturation phases, which correspond to the 15t and 5% cycles, respectively, it can be observed that
the electrical double layer in the CV curve undergoes a shift towards higher positive current density
values (as depicted in Figure 5(a).
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Figure 5. CV graphs of CF anode at (a) initial and the end of cycle 1, and (b) at the end of cycles 1, 5, and 7

The aforementioned observation suggests the occurrence of an oxidation mechanism involving
organic substances, which serve as a substrate for yeast metabolism. As a result of this process, CO;
gas, protons, and electrons are generated. The electrons produced by the yeast are subsequently
collected by the working electrode. The observed increase in the upward trajectory of the CV curve
during the 5% cycle exhibited a greater magnitude in comparison to that of the 15t cycle. The
observations indicate that during the 5™ cycle, substantial amounts of biofilm have developed on
the electrode surface, resulting in an increased capacity for the conversion of organic materials into
product metabolism. In the third observation, it is noted that the electrical double layer of the CV
during the detachment phase of the 7t cycle has exhibited an increase in comparison to its initial
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position. However, this increase is not found to surpass the magnitude of the increases observed
during the 1%t or 5% cycle, as depicted in Figure 5(b). The findings of this study confirm that during
the 7th cycle, a notable occurrence occurred wherein multiple strata of the yeast biofilm adhered
to the electrodes were shed, presumably resulting in their demise. Consequently, the population of
yeast cells capable of metabolizing organic substances and generating electrons was significantly
diminished.

In order to provide further elucidation on the growth of yeast biofilm on each CF electrode, the
coverage of electroactive biocatalyst () encompassing the CF electrode was determined through
the utilization of the Randles-Sev¢ik equation [35], as provided in Eq. (1):

ARTI,
r'= LN’F’A @)

where Iis the surface concentration of the electroactive biocatalyst, I, is the peak current, R is the
universal gas constant, T is temperature, A is the area of the electrode, v is the scan rate, n is the
number of electrons involved in a redox reaction, and F is Faradaic constant. The resulting values
obtained from these calculations are presented in Table 1. The obtained values are determined by
analyzing the oxidation peaks of the CV graph, obtained from electroactive substances content
intracellularly within yeast cells [36]. The values of the parameter I' at the initial incubation and the
end of incubation cycles 1, 5, and 7 are 0.155, 0.387, 0.410, and 0.348 umol cm, respectively. In
line with the findings from the voltage analysis conducted in the preceding section, it was observed
that the biofilm exhibited a progressive increase in growth until the end of cycle 5. However, during
cycle 7, a decline in biofilm growth was observed, primarily attributed to a substantial mortality rate
among yeast cells. Consequently, this phenomenon led to a diminished production of electrons.

Table 1. The biocatalyst surface coverage on the surface of CF electrode

Condition Biocatalyst surface coverage, pmol cm™2*
initial 0.155
end of cycle 1 0.387
end of cycle 5 0.410
end of cycle 7 0.348

*based on oxidation reaction of electroactive substances inside the yeast cell

Rate determining step and electron transfer rate constant

In order to examine the rate-determining step (RDS) and determine the electron transfer rate
constant (ETRC), the CV of the CF anode was assessed after both the first cycle and the fifth cycle,
using various scan rates ranging from 100 to 1600 mV s1. The observation of a rise in reduction and
oxidation peaks with increasing scan rate is seen in Figure 6(a) and Figure 6(d). As the scanning rate
is increased, the redox processes occurring inside the electrodes have a reduced duration for
attaining equilibrium. Consequently, it is possible for redox processes to not achieve complete
equilibrium, leading to the manifestation of more pronounced or distinct oxidation and reduction
peaks. The augmentation of the scan rate may lead to a concomitant rise in polarization loss
occurring at the electrodes. This implies that the electrode potential may not attain its anticipated
value when the scanning rates are increased. The observed augmentation in oxidation and reduction
peaks may be attributed to an amplified polarization loss.

The redox reaction peak current density vs. potential scan rate was measured in Figure 6(b) and
Figure 6(e) to investigate the route of the rate-determining reaction. It shows that the redox
reaction peak current is non-linearly linked to the potential scan rate, while the difference in the
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peak potential AEp, is ~219 mV at a scan rate of 100 mV s%. This demonstrates that all catalysts are
controlled by a diffusion, and the redox reactions occur in a quasi-reversible reaction region [37,38].
In order to generate protons and electrons, yeast is required to undergo a preliminary process of
food consumption, followed by a subsequent metabolic activity that occurs over an extended
duration.
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Figure 6. CV graphs of CF anode at different scan rates (a, d), oxidation and reduction peak current densities
vs. scan rate (b, e), and Laviron plots (c, f) at the start of cycle 1 (a,b,c) and end of cycle 5 (d,e,f)

In order to provide more clarification on the catalytic activity of the respective catalysts, the
electron transfer rate constant (ks) was determined by the use of Laviron's formula (Eqg. 2), as seen
in Figure 6¢ and 6f [39].

logk, =alog(1-a)+(1-a)loga —log(RT / nFv)—a(1-a)nFAE, [ 2.3RT (2)
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where ks is electron transfer rate constant, a is charge transfer coefficient, R is universal gas constant,
Tis temperature, n is the number of electrons involved in a redox reaction, F is Faradaic constant, u is
potential scan rate, and AE, is peak potential difference. Based on the calculations, it was seen that
the ks value of the CF anode at the end of the fifth cycle exhibited a higher value (1.14+0.02 s!), which
is 57 times higher compared to the first cycle, which has a value of 0.02+0.00 s*. The observed pattern
aligns well with the polarization data, suggesting that the electron transfer rate in the fifth cycle
experiences a significant rise due to the development of a biofilm composed of yeast.

SEM and EDX analysis

The electrode morphology of the yeast microbial fuel cell (MFC) was assessed through the
utilization of scanning electron microscopy (SEM) images, both prior to and subsequent to the
completion of five operational cycles. In accordance with the observations made in Figure 7(a), it is
evident that the carbon felt fiber does not exhibit any discernible biofilm formation. The observed
phenomenon pertains solely to the discernible presence of dirt particles adhering to the surface of
the carbon felt material, a consequence of its manufacturing process. In Figure 7(b), yeast colonies
are observed on the surface of the carbon felt fiber. The observed phenomenon can be attributed
to the adhesion mechanism of yeast cells with carbon felt, as well as the concurrent formation of C-
N bonds, electrostatic interactions, and hydrophobic interactions. The observed proliferation of
yeast colonies indicates that carbon felt exhibits a favorable level of biocompatibility with yeast.
This is substantiated by the notable interactions and cohesive bonds observed among yeast
colonies, resulting in the formation of a biofilm on the surface of the electrode material [40].
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Figure 7. SEM images (above) and EDX spectra (below) of CF anode at: a) and c) initial, b) and
d) end of 5t cycle

The objective of the EDX analysis is to provide evidence supporting the presence of a biofilm on
the surface of the carbon-felt material. This can be inferred by observing an augmentation in the
concentrations of specific elements. In accordance with the EDX spectra findings presented in Figure
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7(c), it is evident that the prevailing compositions observed in carbon felt primarily consist of C and
0. These two elements are widely recognized as the principal constituents of carbon felt, while Cu,
Zn, and Zr were impurities with very small composition, less than 0.1 %. The other elements were
not detected in large quantities, suggesting the absence of biofilm formation on the surface of the
carbon-felt material. In terms of carbon felt, it is worth noting that a biofilm is responsible for its
growth, as depicted in Figure 7(d). It is interesting to observe that this growth process introduces
various additional elements into the carbon felt, including Na, Al, Si, P, S, Cl, K, Ca, Cr, and Fe. The
observed manifestation of these elements is hypothesized to be attributable to the biofilm
formation, thereby providing substantiation for the robust growth of the biofilm on the surface of
the carbon-felt material [41].

Conclusion

The analysis of a yeast MFC across different biofilm growth stages offers key insights into its
electrochemical and biological processes. Voltage analysis during MFC cycles reveals crucial phases
of yeast adaptation and biofilm formation. Voltage rises significantly from an initial 0.0006+0.00002
to 0.0389+0.0026 V by the 5 cycle, showing biofilm's impact. Power density analysis reinforces the
link between biofilm maturity and enhanced electron transfer, peaking at the 5" cycle with a
remarkable 8.82 mW m2, a stark improvement from the initial 0.056 mW m, underscoring biofilm's
influence. Polarization and power curves unveil factors affecting internal resistance, with the lowest
resistance at the 5™ cycle and the highest resistance at the 7t" cycle, showcasing the biofilm's role.
Half-cell analysis performed through cyclic voltammetry experiments quantifies biofilm growth via
surface coverage (I values, reaching a peak of 0.410 pumol cm at the 5™ cycle, which is a significant
increase from the initial 0.155 umol cm™. Rate-determining step and electron transfer rate constant
analysis demonstrate increased ks value up to 1.14+0.02 s during the 5™ cycle, emphasizing the
biofilm impact on electron transfer kinetics. SEM and EDX surface analyses visually confirmed the
presence of a mature biofilm on the carbon felt electrode, validating its biocompatibility with yeast
cells and showing an increase in various elements, affirming biofilm growth. These quantitative
findings underscore the critical role of biofilm development in enhancing MFC performance, offering
valuable insights into microbial electrochemical systems for sustainable energy generation and
environmental remediation.
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